This manuscript aims to evaluate the tolerance to rotation of a toric monofocal and a toric bifocal intraocular lenses with different cylinder powers. Theoretical designs based on wavefront aberrations were created to simulate a toric monofocal and a toric bifocal intraocular lens. Cylinder power ranged from -1 D to -6 D, in steps of -1 D. Tolerance to rotation was estimated by the visual Strehl ratio based on the optical transfer function (VSOTF) metric. Tolerance to rotation for both monofocal and bifocal intraocular lenses decreased when the cylinder power increased. For the bifocal design studied, the tolerance to rotation was larger for the near focus than for the far, however the overall quality was poorer for the near focus. Our findings show evidence that rotation tolerance depends both on the design of the intraocular lens and the cylinder power. This approach could be useful for predicting the tolerance to rotation of monofocal and multifocal toric intraocular lenses prior the surgery.
as follows: coma-like aberrations (third and fifth order), trefoil-like aberrations (third and fifth order), spherical-like aberrations (fourth and sixth orders) and astigmatism-like aberrations (fourth and six orders). The root mean square (RMS) error was calculated for each group of aberrations for a 4.5-pupil diameter.
Finally, for illustrating the effect of rotation in image quality, retinal images were simulated by convolving a United States Air Force (USAF) target with the Point Spread Functions (PSFs) of both IOLs designs .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 Results Table 1 shows the RMS values of the different corneal HOAs of each set considered in this study. Figure 2 shows the tolerance to rotation of the monofocal IOL (top row) and its tolerance to rotation when corneal aberrations from subject 1 were added to the IOL's wavefront (bottom row). A cylinder of -3 D was selected as an example for this figure. In the left column, the through-focus VSOTF curves are represented for both cases at different rotation angles, whereas the right column shows the variation of the peak VSOTF with the angle of rotation for the different cylinder powers. The horizontal dashed lines indicate the VSOTF threshold (0.12). The peak VSOTF represented in the right panel corresponds to the respective maximum in the through-focus (left panels), which in these cases were zero diopters. Each colour indicates a different cylinder power.
The variation in the tolerance to rotation interval, which corresponds with respect to the sum of the tolerance to rotation in both orientations, with respect to the cylinder power of the monofocal toric IOL can be seen in the top panel of Similarly to Figure 2 , the upper panel of Figure 5 shows the tolerance to rotation of the bifocal IOL design with and without the HOAs of the corneal aberrations set 1. The bottom panel of the figure shows the variations of the peak VSOTF with respect to the angle of rotation for both the far and near foci. Figure 2 , the angle of rotation and the cylinder power affect the quality of the through-focus curves. The effect of corneal HOAs is more evident in the bifocal case than in the monofocal case. Figure 6 gives the same information as Figure 3 , but for the bifocal toric IOL, for both the far (left column) and the near focus (right column). Again, cylinder power rapidly diminishes the interval of tolerance to rotation. In this case it is worthy to point out the fact that the near focus presented a greater tolerance to rotation than the far focus. However, the far focus showed slightly more inter-individual variability. This could be explained by the fact that the IOL had a center-near design, thus aberrations probably affect more in the peripheral zone which was dedicated to far vision. The group of images at the top corresponds to the far focus, whereas the images at the bottom to the near focus. The quality of the images deteriorated as both the amounts of rotation and cylinder power increased. In the near focus, ghost images corresponding to the far focus can be observed. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 decrease in optical quality [35, 36] , since there is a trade-off between those two parameters.
As in
Regarding the bifocal design, we performed the analysis of the two main foci, corresponding to the nominal power (far focus) and the addition power (near focus), separately. In the representation of the peak VSOTF with respect to the angle of rotation (Figure 5 ), we can see that the optical quality of the near focus is worse than the one of the far focus. This is due to the fact that we wanted to simulate a typical bifocal IOL, in which the distribution of energy is inclined towards the area dedicated for far correction. Despite the quality being worse, the tolerance to rotation was better for the near vision than for the far.
This could be explained by the selection of a center-near design, due to the fact that the residual astigmatism could have a larger impact in the peripheral zone than in the central one.
For both foci, the variation of the tolerance to rotation with regards to the cylinder power is similar to that of the monofocal IOL. It can be noticed from Comparing to the monofocal, in the bifocal case there seemed to exist more inter-individual variability and more asymmetries within the tolerance to rotation, mostly for the far focus. This may be due to the fact that the bifocal IOL had a more complex design than the monofocal IOL. It is also worthy to outline that the tolerance to rotation of the monofocal IOL exceeded the one of the bifocal IOL for both of its foci. This reinforces the importance that rotations 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 experienced by multifocal IOLs can have in the subjects' visual performance. This impact can be even greater in more complex designs, such as trifocal IOLs [36, 37] or extended-range IOLs [38, 39] .
The corneal aberrations used in this work were measured to young people who do not need IOL implantation in normal conditions. Nevertheless, several studies showed that corneal aberrations are very subject dependant [40] , with the SA being the main contributor to age-related changes in HOAs [41, 42] . For this reason, we added an extra corneal aberrations set, having a SA of 0.41 µm for a 6-mm pupil that corresponds to a 60-years old model cornea [19] . The addition of this SA value practically did not change the outcomes regarding tolerance to rotation. Its greatest impact was found in the peak VSOTF, which was lower due to having a higher value of SA.
Special consideration has to be taken with the interpretation of the tolerance to rotation values. These values could vary slightly if we had used another optical quality metric to calculate the through-focus curves. The use of the VSOTF is justified by the high correlation found between this metric and VA
[25], however, that does not mean that other metrics could not have been used.
Another important aspect is the selection of the threshold for acceptable vision.
We chose 0.2 logMAR VA [26] , which corresponds to a value of 0.12 for VSOTF, as explained in the Methods section. This is an absolute threshold, nevertheless, there is the possibility of selecting a relative one, as has been done in many studies about DoF [43, 44] . The problem with the relative threshold, as Yi et al. [45] showed, is that in order to correlate the theoretical DoF with the subjective one, it was better to assume that each subject could have his/her own threshold value. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Table 2 
